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Foreword

This report was prepared by Northeastern University under Army Contract
DAAG46-71-C-0116, The contract was administered under the direction of the

Y.S. Army Materials and Mechanics Research Center with Kenneth D. Holmes
Providing technical supervision,

This project has been accomplisi 'd as part of the U.S. Army Manufacturing
Methods and Technology Program, which has as its objective the timely es-

tablishment of manufacturing pProcesses, techniques or equipment to insure the
efficient production of current or future defense programs,
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DESIGN, INDUSTRIAL PRODUCTION AND EVALUATION OF IMPROVED DUCTILE CAST IRON ALLOYS
8 USING COMPUTER DERIVED, MATHEMATICAL MODELS
A ‘ , PART 1 -~ MECHANICAL PROPERTY ASSESSMENT

- by  JOHN ZoTOS

ABSTRACT

This investigation attempts to implement a complete scientific analysis of
industrial, mechanical property data on ductile cast iron alloys and design,’
produce and evaluate some improved alloys possessing predictable property magni-

E tudes. With the assistance of AMMRC and the Lynchburg Foundvy Company, a total

£ of thirty-two (32), multiple regression, mechanical property, mathematical models

| were derived via computer analyses from a total of three-hundred and two (302)
complete data sets describing variations in tensile strength, yield strength,
per cent eloangation and Brinell hardness number. The sixteen (16) best selection

. equations were used as the basis for tne alloy design to produce the ductile cast
iron alloys possessing predictable property levels. Metallurgically, 74 out of 140
major, indepenlient, elemental variables contained in these 16 refined models, i.e.,
52.8 per cent, are in agreement with theory as to how they should contribue towards
the magnitude change of these dependent properties. The initial test run produced
cast test bars whose actual mechanical property levels were within less than two
standard errors of estimate of the predicted values in only 15 out of 32 specimens,

e i.e., 46.9 per cent. The final design test data, derived from the AMMRC coupons,

1 were superior in achievement in that 29 out of the 32 test pieces, i.e., 90.6

per cent, were actually within twe S.E.E.'s of the predicted values, thus fulfilling
the design objectives of phase one of this study. Since this scientific development

program was successful in producing the desired products, it is recommended that

the same analytical tools and techniques be applied to other ferrous shell alloy

systems.
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DESIGN, INDUSTRIAL PRODUGCTION ARD EVALUATIAN OF IMPROVED DUCTILE CAST TRON
ALLOYS USING COMPUTER DERIVED, MATHEMATICAL MODELS

PART I - MECHANICAL PROPERTY ASSESSMENT
I. BACKGROUND

I, A. Preface

Three recently completed bLepartment of the Army investigations dealing
‘with the computer analyses of ductile cast iron data ylelded promising results
towavds achieving the ultimate production of these ferrous alloy castings
possessing predictable property magnitudes.(1,2,3) This study focuied upon
the design, evaluation and production of cast shells within the facilities of
the Lynchburg Foundry Company, located in Lynchburg, Virginia, and dealt
with both mechanical properties and fragmentation characteristics, This
report contains a complete assessment of the mechanical property phase of
the investigation and a sequel report will analyze the fragmentation results
achieved.

I, B, Objective

This phase of the investigation utilized the most significant mechanical
property data obtained from the files of the Lynchburg Foundry Company., It
was agreed at the outset that the ultimate aim of the project was to manu-
facture both test coupons and rocket shells possessing:

a, Maximum Strength with Maximum Ductility (Series - I); and
b. Optimum Fragmentation Characteristics (Series - II);

using four specific thermal treatments, i.e., as cast, annealed, air quenched
and tempered and oil quenched and tempered. For each strength and/or frag-
mentation condition and specific heat treatment, AMMRC double test coupons,
modified keel blocks test bars, spectographic test pileces and 2,75" x 21"
rocket shells were manufactured at Lynchburg and tested accordingly.

TR (A General Procedure

There are several steps required in the scientific development of im-
. proved ductile cast iron alloys, namely:

1. Evaluate the variables affecting the properties of ductile cast
irons such as casting history, section size, grain size, thermal
history, and allcy content,.

2. Develop statistical modeis or equations which show the contributions
of each of these variables towards the magnitudes of properties
exhibited by these alloys,

3. Analyze the metallurgical and st-tistical significance, and validity
cf the developed models in predicting properties,




4, Design an improved ductile cast iron alloy composition and process
history which should exhibit improved properties.

5. Produce the newly designed alloy in agreement with the prescribed
process history.

6. Test the developed ductile cast iron alloy ani assess its level of
attainment of design objectives,

7. Redevelop new statistical models using the new data and repeat
steps 2,4,5 and 6,

Research being conducted at Northeaastern University has indicated the
significance of this scientific approach towards the development of improved
cast metal alloys having predictable chemical, mechanical and physical pro-
perties.(1‘9

I. D. Background

The first three steps of this type of scientific development program were
initiated for AMMRC in 1966(1) for some limited, reliable, ductile cast iron,
mechanical property data, Two series of mathematical models were evaluated,
i.e., Series 1, based on microstructural data and Series 2, based on alloy
content data. Statisticully, only the last four (4) of the eighteen (18)
equations generated proved significant at the 0,001 confidence level, or less.
However, metallurgically, seventeen (17) out of twenty-four (24) independent,
elemental variables in these four (4) models, or 71 percent, agreed with
theory as to their contribution towards the magnitude of the dependent me-
chanical properties,

The secoad AMMRC project on ductile cast iron alloys was completed in
January, 1970,(2) and attempted tc expand the reliable data base and evaluate
a multitude of properties. Some of the dependent properties being studied
included tensile strength, yield strengtii, percent elongaticn, percent reduc-
tion in area, impact strength, hardaess and fragmentation parameters. The
independent variables measured included alloy content (twelve elements),
Nodule count and microstructural content, The data base was adequate for a
complete analysis and was categorized into the following three (3) series:

SERIES I: MECHANYCAL PROPERTY AND MICROSTRUCTURAL DATA USING
AVERAGE VALUES

SERIES I1:  FRAGMENTATION AND MECHANICAL PROPERTY DATA USING
AVERAGE VALUES

SERIES II1: MECHANICAL PROPERTY, THERMAL TREATMENT AND ALLOY
CONTENT DATA USING INDIVIDUAL TEST BAR RESULTS

A total of ninety-four (94) multiple, linear regression, mathemetical
models which describe the effect cf several independent variablez on the
magnitude of each dependent fragmentation and mechanical property, were de-
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rived from data supplied by AMMPC. Sixty-one out of the 64 mechanical
property equations produced, or 9.3 percent, and 21 out of the 30 fragmenrta-
tion property models developed, or 70 percent, were statistically significant
at the 0.001 confidence level, or less. Two separate computer analyses were
conducted within each series evaluaticn, i.,e., an initial run utilizing all
the - independent variables in the data set plus a sequel computation which
refined the initial results by deleting the less significant variables from
the initial equations. Sixteen out of the 24 independent, microstructural

‘variables retained in the refined, Series-I, mechanical property models, or

66.7 percent, and 128 out of the 218 independent, elemental variables re-
tained in the “test-selection,” Series III, mechanical property equations,

or 58,7 percent were in agreement with metallurgical theory. Microstructural
and elemental variables quantitatively described at least three dependent,
fragmentation properties, 1

The third AMMRC investigation on ductile cast iron was completed in
January. 1971,(3) and focused on a scientific analysis of industrial, me-
chanical property data.. Several firms donated their data banks for this
study and 24 out of the 40 mathematical models generated were derived from
information supplied by the Lynchburg Foundry Company.

Seventy-five percent of the 24 equations were statistically significant
at the 0,001 confidence level, or less, and 53.7 percent of the 82 statistically
significant, independent, elemental variables which appeared in the 12 refined
models of this data set behaved in accordance with metallurgical theory.
Comparison of these industrial results with previous AMMRC findings indicated
that, overall, the Army and Iynchburg metallurgical significance levels were
within 10 percentage points of one another,

The high quality statistical and metallurgical results achieved in this
latest investigation justified the implementation of this final study to
design, industrially produce and evaluate some improved ductile cast iron alloys
possessing predictible property magnitudes,

II. STATISTICAL METHODS

This investigation used a multiple regression computer program to derive
a series of mathematical models or equations which describe the contributions
of several independent variables towards the magnitude of a dependent pro-
perty,

A linear equation explicitly defining the property was used of the form,

Property = A + B (7X;) + C (7Xy) + ...

where A is a pure constant used to adjust the hypersurface to the proper
range of inspection of the nodular cast iron's property. This constant is
the mean value of the iron's property minus the sum of the products of tle
means of the independert variables with their respective coefficients. 38,




C, D, ... are net regression coefficients (sometimes called partial regres-
sicn coefficients), so called since they indicate the average change observed
in the property due to a unit change of their respective independent variable
while holding all other variables constant.

The regression equations can be justified only within the range specified
by the observations used to derived the equation, cannot reflect any phenomena
that might occur outside the iuspected range. However, it can be assumed
that the functional relationship between the chemical compositions of an alloy
system, the process variables and the resultant property is a continuous one
and some extrapolation beyond the observed range may be permitted with some
degree of accuracy. A priori knowledge of the metal system then can justify
some extrapolation of the regression equation heyond the observed range. The
range of application of the data used for the derivation of each equation in
this report is tabulated as is the arithmetic mean values of each variable,
The total alloy content of the system is also giver and any analysis of a
system with alloy content exceeding this maximum will be an extrapolation
beyond the intended range.

When an equation is derived by a regression system it must be justified
as to its reliability and analyzed for its accuracy of estimate and its cor-
relation with the given data. These parameters are (1) the standard error of
estimate (og), (2) the coefficient of multiple correlation (R) and (3) the
“"F-ratio." These statistical indicators can be used tc show how closely the
estimated values of the property can be expected to agree with the actual
values, and what portion of the variance has been left unexplained. An
indication is also given as to which dependent variables are most poorly
represented by assuming a linear relationship.

The above statistical parameters are tabulated for each equation generated
and proper conclusions are drawn. The level of significance (L. of S.) based
on the "F-ratio' criteria is also recorded.

After deriving the initial, multiple regression, mathematical modele, a
sequel series of computer runs refined these equations by testing the inde-~
pendent variables in the order of decreasing significance. The general form
or these ''best selection' mathematical models varied due to the deletion of
some of the less significant variables.

Once the validity of the refined equations has been established, quantita-
tive and qualitative methods of analysis are presented and analyzed. To
find the qualitative effect of the independent variables on the dependent

variables simply inspect the signs of the constants (net regression coefficients).

If a positive constant is associated with a particular varxiable then the equa-
tion infers that 2 positive additicn of the variable will increase the value
of the iron's property. Likewise, the addition of negative contributors will
decrease the iron's property.

After the qualitative and quantitative results are established and discussed,

a general conclusion as to the validity and predictability of the equation-
as well as its agreement with known experimental results is presented.
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These refined mathematical models were then used to design the composi-

tions for the two alloy series being produced to meet the objectives of this
investigation.

ITI. DESCRIPTION OF THE MECHANICAL PROPERTY DATA

During the first few months of this investigation, the scope and res-
ponsibilities of the project were changed, with the full approval of the
AMMRC project moniter, and at no added cost to the Army. Iustead of focusing
attentien to only two thermal treatments, i.e., as cast and annealed, two
additional conditions were assessed, i.e., air quenched and tempered and
0il quenched and tempered. Also, all the data reduction and design responsi-
bilities were turned over to the N.U. staff. Lynchburg Foundry Company agreed
not to charge W.U. for any of the production costs, etc., and these funds
were, then used by the N.U. Staff to cover the added cost of their increased
data reduction and design loads.

One-hundred =nd forty-three (143) complete data sets were available for
the first computer run of the as cast (80-55-06) alloy series and the high,
low and mean values of the four dependent and fourteen independent variables
are listed in Table 1.

Oun-hundred and eighteen (118) complete data sets were available for
the computer run of the annealed (f2-40-~18) 4iloy series and the high, low
and mean valu2s cof the variables are also listed in Table 1.

Only nineteen (19) and twenty-two(22) compiete data sets were available
for the alr guenched and tempered and o0il quenched and tempered alloy series,
respectively. i.e., the (100-70-03) and (120-90-02) data groups. Table 2

lists the high, low and mean values of both these series for each dependent
and independent variabie.

All 302 complete data sets were derived from 0.505 inch diameter test
bars machined from one inch diameter, modified keel blocks (ASTM-A445) and
poured during production runs at the Lynchburg Foundry Company. These same

type test bars were used to assess the attainment of the design objectives
throughout this investigation.
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IV. MECHANICAL PROPERTY MATHEMATICAL MODELS

IV. A. INTRODUCTION

Since the ILynchburg Foundry data were derivad from keel blocks subjected
to four thermal treatments, the initial computer analyses yielded four sets
of multiple linear regression, mathematical models for each of the four
dependent mechanical properties as a function of all their independent,
elemental variables, listed in Tables 1 and 2. Each of these equations had
this general form:

MECHANICAL PROPERTY = A+ Al(ZT.C.) + A2(231) - AB(ami)
+ Aa(ZMn) + AS(%P) + A6(ZS) + A7(ZA1)
+ A8(ZCu) + A9(ZCr) + AlO(ZMg) + All(ZMo)

+ Alz(ZSn) + Al3(%Ti) + Ala(%Ce)

Four sequel computer runs refined these initial models by testiug the
independent variables in each equation in the order of decreasing statistical
significance. Within all four data sets, some of the elemental variables were
not contained in the 'best-selection' models due to the elimination of the
less significant parameters, but all these sequel equations proved to be
more statistically significant than the primary ones.

IV. B. AS CAST (80--55~06) SERIES

IV. B.1. LINEAR REGRESSION MODELS

The four initial as cast (80-55-06) serles, mathematical models describing

the tensile strength, yield strength, percent elongation and Brinell Hardness
number were derived from 143 complete sets of data and are listed in mathe-
matical Model Set I. Solving for the fifteen constants required by the
general equation, leaves 128 degreces of freedom for these first four regres-
sion analyses.

These mathematical models were generated t.o explain the variation in the
ductile cast iron's strength. ductility and hardness properties. Also listed
within these mathematical model sets are the correlation coefficient, i.e.,
R; the F-ratio: the standard error of estimate, i.e., og; and the level of
statistical significance, i.e., a,for each equation generated.

The four refined equations describdng the same mechanical properties were
also derived from 143 complete sets of data and are listed in Mathematical
Model Set II. These four "best-selection'' models deleted anywhere from four
to six of the independent variables used in the initial analyses and thus not
only increased the number of degrees of freedom in this sequel evaluation, but
also improved the statistical significance of each equation.
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MATHEMATTCAL MODZL SET I - AS CAST 980-55-06) SERIES, MULTIPLE REGBESSIQN EQUATIONS

o e+

(T.S.) = + 97,710 + 531,436 (Z Mg) + 90,593 (X Mo) + 62,441 (% Cu)

+ 20,257 (2 Mn) - 279,482 (X A1) - 13,412 (%X Ni) + 77,618 (Z P)
- 693,052 (% Ce) - 5,862 (X Si) - 106,840 (% Ti) + 20,762 (% Cr)
- 3,984 (%' T.C.) + 12,517 (% Sn) + 3,945 (% S) (1)
= 29 F. - ¢+ ¥ . m « ol A

R(l) 0.6629; F Rgtiq(11. ?,168, e 2{376, ‘D 0.001
(Y.S.) = + 75,430 + 98,036 (%X Mo) - 824,377 (% Ce) - 232,603 (% Al)

4 25,136 (% Cu) + 97,350 (X Mg) + 8,491 (% Mg) + 3,472 (% Si)

- 5,970 (2 Ni) - 4,576 (X T.C.) - 82,478 (Z Ti) - 10,511 (% Cr)

o

e e

. i
b o Tt i 4 [T

+ 12,339 (% P) - 40,306 (X S) - 860 (% Sn) = (2
- * - = 00‘ ™ -d
Regy = 0.7344; F-Ratio, = 10,7075 O, ;) = 4,061;%,) 0.001

e v b e ¢ o ettt

(X E.) = - 1,371 - 19,142 (% Cu) -~ 7,556 (% Ni) + 54.255 (X Mg)
+ 60,946 (Z Ti) + 36.230 (% Sn) - 7.785 (% Mo) - 3.423 (X Mn)
+ 1,603 (X Si) + 55.762 (2 S) + 2,129 (% T.C.) + 13.393 (X P)

- 28,501 (% Al) - 4.738 (% Cr) - 31.307 (X Ce) (3)
3(3) = 0.5266;'F-Ratio(3) = 3.508;<r§(3) = 1.806;-4(3) 0.001

(BHN) = + 248,139 + 196.780 (% Cu) + 47.464 (% Ni) + 45.554 (% Mn)
+ 99.625 (Z Mo) - 115.074 (X Cr) - 602,875 (% S) + 281.143 (X Mg)

- 12,568 (% S1) - 15.371 (%2 T.C.) - 86.617 (% P) + 169.801 (% Al)

- 569.980 (% Ce) + 172.746 (Z T1i) + 44,641 (% Sn) (4)
- . - = [ - -d
oy 7 000k Fatlaq) T B2 Ty T BT Ty 0000

———— 5 PR e

MATHEMATICAL MODEL SET II - AS CAST (80-55-06) SERIES, BEST SELECTION EQUATIONS
(T.S.) = + 81,338 + 536,213 (% Mg) + 93,840 (% Mo) + 62,396 (% Cu)

+ 20,739 (% Mn) - 292,535 (% Al) - 13,634 (% Ni) + 82,990 (% P)

- 651,221 (% Ce) - 5,991 (% S1i)-~. (5

t J . - E 3 . c- = .
R(S) 0.6599; F Ratio(s) 1;:3??{..E£5) 7,6%1{?f(5) ‘—?:90{"

= KBRS S e s - o

(1.5.) = + 74,450 + 97,630 (% Mo) - 830,943 (X Ce) - 237,562 (% Al)
+ 25,532 (% Cu) + 97,898 (% Mg) + 8,816 ( Mn) + 3,856 (% Si)
-5

,547 (% N1) - 4,550 (% T.C.) - 88,662 (% Ti) -(6)

Regy = 0.7331; F-Ratio ”‘?fiélu_ 0.001 |

(6)
o p—— T ,-.__........-.-?
(X E.) =+ 6,562 - 18,916 (% Cu) - 6.413 (X Ni) + 51.508 (% Mg) 3

+57.385 (X T1) + 35.315 (% Sn) - 9.715 (% Mo) - 3.630 (X Mn) i
+ 1.348 (% Si) + 49,992 (X S) 4R -~(7)

= 15.340; Op 5 -

= 4,008

= . ] - . . o= . ;‘u
I ¢ s e IR L Te e ) T
(BHN) = + 182,125 + 181.796 (% Cu) + 50.439 (% Mn) + 50.675 (X Ni)

+ 108.717 (¥ Mo) - 118,935 (% Cr) - 604.999 (% S) + 260,192 (% Mg)

- 9,508 (% si) (8)

0.001

R(8) (8) |

3 b - = . by d vd
Rg) = 0.6273; F-Ratio g = 10.869; < 13,554;

K. S ey



IV. B.2. STATISTICAL SIGNIFICANCE

The level of significance of each equation and coefficient generated, i.e.,
@, was determined on the basis of the following parameters:

R-Correlation coefficient:
F-ratio calculated;

t-Test calculated; and

the degrees of freedom.

SN

Usually those equations whose level of significance, i.e., a, is 0.010
or less are considered significant enough for detailed evaluation. In additionm,
individual o values for each coefficnet computed for the refined mathematical
models are considered somewhat significant when they are 0.2000 or less in
magnitude.

All four mechanical property modeis listed in Mathematical Model Set I,

i.e., equations (1) through (4), ave significant at the 0.001 confidence level,
or less, and their four correlation coefficients ranged from 0.5266 to 0.7344.
In addition, the four refined fquations listed in Mathematical Model Set II,
i.e., equations (5) through (8), were also significant at the 0.001 confidence
level. or less, and their correiation coefficients range from 0.5129 to 0.7331.
This small drop in the R values is more than offset by an increase in the

, F~RATIO magnitude ranges from (3.508 to 10.707) to (5.275 to 15.340), and

R | verifiess that these latter models are the statistically superior ones.

Teble 3 lists the detailed qualitative, quantitative and statistical
results from the refined, as cast {80-55-06) series, mechanical property
equations (5) through (8). All thirty-six independent, elemental variables
in these four models had alpha values of 0.200, or less, and the standard
error of estimate was reduced to minimum value for each of the four dependent
properties.

IV. B.3 METALLURGICAL SIGNIFICANCE

The sign of the coefficients in each mathematical model gives a qualitative
: judgement as to the independent variable's contribution towards the magnitude
y of the dependent variable.

All the equations are unique in that they provide quantitative as well
as qualitative results. The quantitative contribution for each independent
variable is simply the product of the regression coefficient and the inde-
rendent variable mean. The percentage contribution of each independent
variable can also be computed, and is the ratioc of each individual product
to the algebraic sum of all the products, including the contribution of the
constant. expressed in percent.
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The metallurgical significance of the refined, as cast, (80-55-06)
series equations (5) through (8) can be assessed using the following
criteria of judgment with respect towurds the elemental variables'
contribution towards the magnitudes of the dependent properties:(lo»llslz)

1. The molybdenum, phosphorus, manganese, magnesium, aluminum,
cerium, chromium, titanium and tin variables should contribute
positively to strength and hardness and negatively towards
percent elongation;

2,

The carbon, silicon, nick>l and copper variables should contribute

negatively towards strength properties and positively towards
ductility; and

3. The sulfur contributes negatively towards both strength and
ductility properiies' mignitudes.

Thus, examination of Table 3 shows that nineteen out of the thirty-six
significant, independent, elemental variables in these four refined equations,
or 53 percent, are in agreement with metallurgical theory. Furthermore,
the silicon, nickel, manganese, copper, magnesium and molybdenum variables
appear in all four models. The sulfur,aluminum, titanium and cerium terms
are present in at least two of the four equations, while the total carbon,
phosphorus, tin and chromium show up only one time. Of major significance is
the fact that the six, major, repeating, elemental variables make up 24 of
the 36 terms in equations (5) through (8), and 16 out of the 24, or 66.7
percent, are in agreement with metallurgical theory.

It should also be noted that 63 percent of the time, each mechanical
property model can predict the property's value within t+ 1 standard error

of estimate of its mean level, and 95 percent of the time its magnitude
should be within + two og's of its mean value.

IV. €.  ANNEALED (60-40~18) SERIES

IV. C.1. LENEAR REGRESSION MODELS

The four initial, annealed (60-40-18) series, mathematical models
describing the tensile strength, yield strength, percent elongation and
Brinell hardness number were derived from 118 complete sets data and listed
in Mathematical Model Set I1II. Solving for the fifteen constants required

by the general equation leaves 103 degrees of freedom for these first four
regression analyses.

The four sequel equations describing the same mechanicsl properties were
also derived from these 118 data sets and are listed in Mathematical Model
Set IV. FProm four tc eight of the independent, elemental varialLles were
eliminated during the refining runs and thus not only increcased the degrees

of freedom in this second assessment, but alsc improved the statistical
significance of each equation.
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MATHEMATICAL MODEL SET III - ANNEALED (60-40-18) SERIES, MULTIPLE REGRESSION EQUATIONS

- S S

(Y.s.) =

(T S. ) = + 34, 258 + 10 324 (A Si) + 5,456 (% Ni) + 25 ,985 (Z Cr)

+ 13,368 (% Cu) - 6,596 (2 Mh) - 137, 644 (2 Ce) + 50,947 (% T1)
- 55,259 (X s) - 11, ,833 (X P) + 15 ,121 (% Mg) + 26 ,132 (2 AL
+ 11,332 (% Sn) - 4,790 (% Mo) + 451‘(2 T.C.) . (9)

= . £ » ) . (= g8 ] ¢ o
Rigy = 0,8162; PF-Ratiogy = 14,677; .o = 1,438; o oo  0.001

+ 22,502 + 11,177 (% Si) + 6,784 (% Ni) - 224,098 (% Ce)

+ 78,998 (X Ti) - 6,019 (X Mn) - 49,611 (% S) + 16,629 (% Sn)

- 9,949 (X P) + 3,459 (X Cu) + 5,027 (X Cr) - 11,377 (% Mg)

- 3,604 (X Mo) - 143 (X T.C.) + 537 (% Al) (10)

= 30,655; ST

E(10) 0,001

(10) - 1,697; =

(10)

(LE) =

+ 48,987 + 99.774 (Z Mg) - 7.676 (X T.C.) - 3.998 (Z Ni)
- 31,148 (% Sn) - 17.271 (X Mo) - 7,506 (Z Cu) + 55,713 (% Al)
- 67.032 (% Ce) + 19.832 (Z T4) - 0,510 (Z Si) + 1.799 (X Cr)

+ 1,625 (X P) - 0.400 (X Mn) - 4,644 (Z S) (11)

= 0,3911; F-Ratio = 1.,329; <,

w1y = 2-5303

ol
Ry (11)

(11)

+ 77.423 + $2,191 (% Cr) + 12.994 (% Si) + 129.350 (Z Sn) ?

- 21,217 (% Ma) + 14,062 (% T,.C.) + 65,562 (% Mo) + 165,947 (% Al)
+ 57,258 (Z Mg) - 12,672 (% Cu) - 93.669 (% Ti) + 2.900 (% Ni)
+ 27,882 (% §) + 32,704 (% Ce) + 3,657 (% P) . (12)

= 0,6641; F-Ratic

. =» 3 d
R 12) (12) = 5:804; © 5,620 0.001

E(12) T (12)

[

MATHEMATICAL MODEL SET IV - ANNEALED (60-40-18) SERIES BEST SELECTION EQUATIONS

(T.8.) =

+ 36,478 + 10,645 (% S1) + 4,918 (X Ni) + 26,519 (X Cr)
+ 13,583 (% Cu) - 7,265 (% Mn) - 153,808 (% Ce) + 53,558 (% Ti)
- 58,850 (% S) - 11,981 ( P) + 19,659 (% Mg)=- (13)

R(13) = 0,8129; F-Ratio = 20,843; ¢ = 1,422 & 0.001

(13) E(13) I G )

(Y.S.) = + 22,757 + 10,890 (% Si) + 5,929 (% Ni) - 197,932 (% Ce)
+ 76,711 (% Ti) - 5,814 (% Mn) - 52,379 (% 8) : --(14)
R(la) = 0,8954; F—Ratio(la) 74.845; E(]4) = :,655; c‘(la) 0.001
(% E.) = + 47,045 + 101,510 (% Mg) - 7.%62 (X T.C.) - 3.557 (% Ni)
- 23,150 (% Sn) - 16,223 (% Mo) - 8.631 (% Cu) + 55.277 (% Al)-=-eee- —(15)
= L3 (=] = 3 = L3 ( ,‘l
R(ls) 0,3863; F Ratio(ls) 2,757; crE(ls) 2.454; ui(ls) 1,395

(BEN) = + 77.368 + 87,499 (Z Cr) + 12,980 (% Si) + 123,495 (% Sn)
- 21,482 (% Mn) + 14,238 (X T.C.) + 64,451 (X Mo) + 153,529 (2 Al)
+ €9,742- (LMS) +-16,5332(% Cu)-- -————— (16)
R(16) = 0,6608; F-Ratio(16) = 9,301; crE(lG) = 5'510;'0((16) 0.001

ARSI e e
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IV. C. 2.  STATISTICAL SIGNIFICANCE

Three out of the four mechanical property models listed in Mathematical
Model Set III are significant at the 0.001 confidence level, or less, and
the four correlation coefficients range from 0.3911 to 0.8980. Of the four
refined equations listed in Mathematica Model Set 1V, i.e., models (13)
through (16), all but the & E.), equation (15), are significent at the 0.001
confidence level, .or less, and their correlation coefficients range from
0.3863 to 0.8954. " This small drop in the R values is more than offset by
an increase in the F-Ratio magnitude ranges from (0.3294 to 30.655) to (2.757
to 74.845) and again verifies that these latter models are the statisticelly
superior ones.

Table 4 lists the detailed qualitative, quantitative and statistical
results from the refined, snnealed (£0-40-18) series, mechanical property
equaticns (13) through (16). All thirty-two independent, elemental variables
in these four models had alpha values of 0.200, or less, and minimum values
were again achieved for each dependent property's standard error of estimate.

IV. C.3. METALLURGICAL SIGNIFICANCE

The metallurgical significance of the refined, annealed (60-40-18)
series equations (13) through (16) can be assessed using the exact same
criteria of judgment delineated in Section IV B.3. of this report, with
one exception. In annealed, ductile cast iron alloys, silicon contributes
positively towards strength and hardness properties and negatively towards
the percent elongation magnitude,(lz) i.e., just the opposite of its bu-
havior in the as cast alloys. Thus, examination of Table 4 shows that 17
out of the 32 significant, independent, elemental variables in these four
refined equations, or 53 percent, are in agreement with metallurgical theory.
In addition, nine of the fourteen variables appear in all four models but
the manganese, silicon, copper, nicke.. and magnesium variables are preseut
in at least three of the four equations. Of major significance is the fact
that the five, major, repeating, independent variables make up 15 of the
32 parameters in equations (13) through (16) and only 6 out of the 15, or
40 percent, are in agreement with metallurgical theory.

IV. D. AIR QUENCHED AND TEMPERED (100-70-03) SERIES
IV. D.1. LINEAR REGRESSION MODELS

The four initial, air quenched and tempered (100-70-03) series, mathema-
tical modz1s describing the strength and ductility properties were derived
from only 19 complete sets of data and are listed in Mathematical Model
Set V. Solving for the fifteen constants required by the general equation
leaves only four degrees of freedom fcr these first four regression analyses.

The four sequel equations describing tlie same mechanical properties were
also derived from these same 19 data sets and are listed in Mathematical
Model Set VI. From two to five ot the independent, elemental variables were
eliminated during the refining runs and caused not only an increase in the
degrees of freedom in this second assessment, but alsc improved the statistical
significance of each equation.
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MATHEMATICAL MODEL SET V - AIR QUENCHED AND TEMPERED (100-70—03‘ SERIES HULTIPLE
: REGRES&ION EQUATIONS :

(T.S.) = - 546,191 - 185,,36 (% Ni) 3 600 957 (z Sn) + 166,127 (% T.C, )
+5, 608 723 (2 T4) - 456,385 (X Mo) - 5,134,103 (Zs) - 181,682 (% Mn)
-1, 641 139 (% A1) - 534 085 (% Cu) + 38 063 (% 'Si) + 239, 852 (z cr)
+ 654 275 (% Mg) - 961, 682 (% Ce) + 47, 590 (zp) . : (17)

= 0,9405; F—Ratio(;z) = szgo;chk17) 10, 658 0?17) 0,100+

o o e e ¢ v e - e et L e T SE——

(Y.8.) 144,942 - 98,369 (% Ni) - 316,819 (X Sn) + 35,591 (Z si)

+ 3,032,200 (% Ti) - 3,019,567 (% S) + 60,006 (% T.C.) - 936,230 (2 Al)
- 96 923 (Z Mn) - 270 413 (z Cu) - 195 494 (X Ho) + 350,284 (z Mg)
+ 71617 (X P) - 476, 792 (X Ce) - 47 355 (% Cr)— ‘ (18)
(18) = 0,8909; F—Ratio(ls) = 1,099: 1’h(18) 7,288; an(la} 0.100+
—
(2 BE,) = - 83,228 + 100,764 (% P) + 52,775 (% Mn) + 1,119.482 (2 §)
+ 91,52 (X% Cr) + 19,922 (% T.C.) + 15.078 (2 Ni) - 254,114 (% Mg)
+ 265,476 (% Al) - 7,137 (X S1) + 526.759 (% Ce) - 570,794 (% T1)
+ 43,190 (% Sn) - 52.884 (X Mo) - 33.013 (X Cu) (19)
R(lg) 0.9139; F—Ratio(lg) 1.447; "3(19) 1.774; 04(19) 0.100+
(BHN) = + 125,22 - 474.84 (% Ma) - 12 ,662, 34 (*x S) - 797.17 (% Sn)
- 183,42 (% N1) + 9,599.17 (2 Ti) - 3,657,68 (2 Al) + 104,26 (% 51)
- 8,261,92 (2 Ce) - 694 87 (2 P) + 2 490 25 (% Mg) - 378.04 (% Mo)
e 298 44 (% Cr) + 36.78 (2 T.C.) + 197 46 (% Cu)——=m- (20)
(20)= 0.8496; F-Ratio(zo) = 0,741; C’i(zo) 22.910; °‘(20) 0.100+

MATHEMATICAL MODEL SET VI - AIR QUENCHED AND TEMPERED (100-70-03) SERIES, MULTIVLE
REGRZSSION EQUATIONS

(T.S.) = - 473,500 - 194,719 (% Ni) - 660,783 (% Sn) + 185,793 (X T.C.)
+ 3,808,957 (% T1) - 370,256 (% Mo) - 4,159,810 (X S) - 164,377 (% Mn)
- 1,107,358 (% Al) - 745,203 (% Cu) + 45,158 (X Si) + 308,904 (% Cr)---(21)

(s + F- ol
R(21) 0.?287, F Ratio(ZI) 3, 990‘ 1\ 8 796 (21)N"m.r?.959“

(Y.S.) = - 124,591 - 89,719 (X Ni) - 336,268 (% Sn) + 41,152 (% Si)
+ 1,071,286 (% Ti) - 1,588,820 (% 8) + 57,353 (% T.C.) - 684,306 (X Al)
- 66,800 (% Mn) - 319,525 (X Cu) (22)

R(52)= 0.8560; F—Ratio(zz) 2.7425 &y pgy = 5,529; 0.100

"E(21)

(22)

(X E,)) = - 65,227 + 75,005 (% P) + 53,865 (X Ma) + 1,292,056 (% S)
+ 74,675 (2 Cr) + 13,641 (%X T.C.) + 20,198 (Z Ni) - 210,079 (% Mg)
+ 226,508 (X Al) - 5,552 (X S1i) + 445,988 (% Ce) - 820,096 (X Ti)
44,117 (2 Sn) (23)

R(y3y™ 0.8943; F-Ratio = 1,998; o = 1,595; 0.100+

(23) =(23) (23)
(BHN) + 294,52 - 348,46 (X Mn) - 8,688,116 (Z S) - 622,83 (% Sn)

- 165,35 (X N1) + 4,831.98 (X Ti) - 2,706,98 (X Al) + 92,97 (X Si)

- 6,110.51 (% Ce) - 746,83 (2 P) + 1,699,33 (X Mg)-- . (24)

= 317.759:

16 ; #

E(24) %) o000+
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IV. D.2.  STATISTICAL SIGNIFICANCE

Although the correlation coefficients of equations (17) through (20),
listed in Mathematical Model Set V, range from 0.8496 to 0.9405, not one
of ‘the four models is significant because their alpha values are all greater
than 0.100. However, the "best-selection" equations listed in Mathematical
Model Set VI show some improvement in that the tensile strength model has an
alpha value of less than 0.050 and the yield strength one has an alpha
magnitude of less than 0.10C. The correlation coefficients of these sequel
equations range from 0.8159 to 0.9287. Once again, the small decrease in
R values is offset by an increase in the F-Ratio magnitude ranges from (0.741
t 2.190) to (1.593 to 3.999) and again verifies that these sequel models
are the statistically superior ones.

Table 5 lists the detailed qualitative, quantitative and statistical
data for the refined, air quenched and tempered (100-70-03) series, mechanical
property equations (21) through (24). All forty-two independent, elemental
variables in t“ese four models had alpha values of 0.200, or less, and
minimum valurs were again achieved for each dependa2nt property's standard
error of estimace.

IV. D.3 METALLURGICAL SIGNIFICANCE

The metallurgical significance of the refined, air quenched and
tempered (100-70-03) series equations (21) through (24) can also be assessed
using the exact same criteria of jusgment describ ed in Section IV.B.3 of this
report. Thus, examination of Table 5 shows that only 17 out of the 42 signi-
ficant, independent, elemental variables in the four "best-selection"
models, or 40.5 percent, are in agreement with metallurgical theory. This
poor showing is due to the limited data base available on this specific
thermal history.

IV. E. OIL QUENCHED AND TEMPERED (120-90-02) SERIES

IV. E.1. LINEAR REGRESSION MODELS

The four, initial oil quenched and tempered (120-90-02) series, wathe-
matical models describing the tensile strength, yield strength, percent
elongation and Brinell hardness number were developed from 22 complete data
sets and are listed in Mathematical Model Set VII. Solving for the fifteen
constants required by the general equation leaves only seven degrees of freedom
for these first four regression runs,

The four sequel equations describing the same strength and ductility
properties were also developed from these same 22 data sets and are listed in
Mathematical Model Set VII1. From five to ten of the independent, elemental
terms were eliminated during the 'best-selection' run and again increased
the degrees of freedom and improved each equatio's statistical significance.

17
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MATHEMATICAL MODEL SET VII - OIL QUENCHED AND TEMPERED (120-90-02) SERIES, MULTIPLE
REGRESSION EQUATIONS

(T.S.) 235,757 - 84,598 (% Ni) + 742,217 (% Ti) - 207,456 (% Cr)

97, 57J * Cu) - 267,349 (X P) - 1,325,548 (% S) + 906,183 (X Ce)
18,134 (X Si) + 198,896 (X Sn) + 381 120 (% Mg) + 26,815 (2 Mn)

f
11+

R(ZS)' 0. 7950; F_RatiO(zs)-0.859; dE(Zs)- 16 ,641; . d (25) '00100+

(Y.S.) = + 204.078 - 69,264 (X Ni) - 169,158 (% Cr) - 90,641 (% Cu)
+ 41,666 (% Mn) - 297,294 (% AL) + 216,805 (% Sn) - 8,788 (% Si)
+ 234,749 (% T1) + 46,246 (% Mo) - 10,088 (% T.C.) + 193.692 (% Ce)
_ 42.510 (X P) + 55,356 (% Mg) - 77,429 (% S) (26)

(26)= 0 616-, F—Ratio(zﬁ)- 1] 003 5'1261_ 12 633 é<(26)“ 0.190+

(X E.) 7.815 + 6,203 (X Ni) + 57.475 (% Al) - 193.422 (% S)

35.566 (% Sm) + 8,746 (% Cu) - 3,757 (% Mn) - 1,563 (2 S1)
11.863 (% Mo) + 11.860 (% Cr) - 24.291 (% Ti) + 15.425 (% Ce)
0.323 (% T.C.) + 1.649 (% P) + 2,235 (% Mg) (27)

R
[ DTS L

. ] < .864; K 0.100+
R£27) = 0,8991; F-Ratlo (27) = 2,110 (27) 0.864; (z7) -

(BHN)

11+

479.27 - 51,27 (% Ni) + 696.24 (% sn) + 1,160.67 (Z Ti)

285,48 (% Mo) - 403.37 (% P) + 246,30 (2 Cr) + 869,03 ( Mg)

54,96 (% T.C.) - 371,55 (% Al) - 14.96 (% si) - 1,058.37 (Z s)

4,91 (% Mn) + 2,62 (% Cu) -~ 9.29 (% Ce) (28)

15,135;0¢ 0.100+

[ —(29) E(29)" (V) N

211,615 (% AL) - 5,489 (X T.C.) + 15, 2042 (X Mo) (25).

m(za) 0.8335; F—Ratio(28)= 1.138;

E(28) (28)

MATHEMATICAL MODEL SET VIII - OIL QUENCHED AND TEMPERED (120-90-02) SERIES,
BEST SELECTION EGUATIONS

(T.S.) = + 247,761 - 74,062 (% Ni) + 752,970 (% Ti) - 219,001 (% Cr)

- 113,805 (% Cu) - 201,503 (% P) - 1,630,250 (% S) + 927,979 (% Ce)
- 21,479 (% si)

R(29)=0.7710; F-Ratio

«(29)
=2,382; = 12.819; K 0.100

(Y.S.) = + 135,091 - 61,414 z ™) - 165,788 (% Cr) - 59,728 @ cu)
+ 48,051 (% Mn)--

(30)
o

R(30)= O 77773 —Ratio(qp) ‘? ,506; _F(%O) =9 ,834; °<§30) 0.005

+ 5.819 + 6.420 (% Ni) + 815.79 (X Sn) + 1,178.50 (% Ti)
-~ 34,747 (% Sn) + 10.777 (X Cuj - 3,439 (% Mn) - 1.416 (% Si)
- 13,782 (% Mo) + 11.076 (% Cr)

~
e
tx1
~r
L}

-—-(31)
0.892 . =

L (3.1) 0 920, FRatio(Bl) 5192 0~E(31) 0.681; )((31)“ 0.005
(BHN) = + 475.27 - 50.05 (% Ri) + 815.79 (Z Sn) + 1,178.50 (% Ti)

- 258,20 (% Mo) - 406.22 (% P) + 191.51 (% Cr) + 793.95 (% Mg)
- 64,60 (% T.C.) - 451,20 (% Al)-- (32)

R(32)=0.8188; F-Rario(32)-2 JI11; = 12,011: X 0.100

E(32) 1 4 (32)




IV. E.2. STATISTICAL SISNIFICANCE

Once again, although equations (25) through (28)'s correlation cocefficients
range from 0.7950 to 0.9991 (Mathewatical Model Set VII), not one of the
models is significant because all the alphas are greater than 0.100. The
four refined models (29) through {(32), listed in Mathematical Model Set VIII,
however, show marked improvemeuts. For example, the tensile strength equs-
tion (29} and Brinell Hardness equation (32) have alpha values,of less than
0.100, while the yield strength model (30) and percent elongation model (31)
have alpha values lecs than 0.005. The correlation coefficients of the
sequel expressions range from 0.7710 to 0.8920. Just as in the previous
tests, the small drop in the values of K is again offset by an increase in
the F-Ratio magnitude range from (0.859 to 2.110) to (2.382 to 6..06), and
proves once more that the "best-selection' models are the best, statistically.

Table 6 lists the detailed qualitative, quantitative and rtatistical
data for the refined oil quenched and tempered (120-90-02) sevi2s, mechanical
property equations (25) through (32). All thirty, indepecdent, elemental
terms in these four models had alpha values of 0.200, or less, and each of
the four standard errors of estimate vas again of minimum magnitude.

IV. E.3. METALLURGICAL SIGNIFICANCE

The metallurgical significance of the refined oil quenched and tempered
(120-90~02) series equations (29) through (32) can also be assessed using
the exact same criteria of judgment described in Section IV.B.3 of this
report. Thus, examination of Table 6 indicates that 21 out of the 30
significant, independent, elementa! terms in these four "best-selection"
expressions or 70 percent, are in agreement with metallwrgical theory. Also,
the nickel and chromium terms appear in all four models, while the copper
variables is in 3 out of the 4 equations. O0f major significance is the
fact that the three, major, raplating variables make up 11 out of the 30
terms in equations (29) through (32) and 8 out of the 11, or 72.7 percent,
are in agreemen* with the metallurgical theory.

IV. F. SUMMARY OF METALLURGICAL SIGNIFICANCE

The overall assessment of the metallurgical significance of the sixteen
"best-selection’" mechanical property, mathematical models generated during
this study can be accomplished by examination of Table 7. The best agree~-
ment with metallurgical theory occurs in the Brinell Hardness number equations,
i.e., 22 out of 36, or 61.2 percent. Second best are the tensile strength
models, i.e., 22 out of 38, or 57.9 percent, followed by the yield strength
equations, i.e. 15 out of 29, or 51.8 percent, and the percent elongatinn
models, i.e., 15 out of 37, or 40.6 percent. The four equations generated
for the o1l quenched and tempered series were the most outstanding metallurgic-
ally in that 21 out of the 30 statistically significant variables, i.e., 70
percent, -behave in accordance with the theory. Thus, overill, 74 out of a
total of 140 major independent variables, or 52.8 percent, chow agreement
with metallurgical prediction.
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IV. G. AMMRC DATA VERSUS I¥NCHBURG FOUNDRY DATA

A comparison between these industrial production dataz reduction results
and previous findings of investigations which used only AMM ( supplied data(2)
is not in order.

IV, G.1, STATISTICAL SIGNIFICANCE

Since the AMMRC and Lynchburg Foundry Company data banks were different
in their make-up, only the common features will be examined, herein.

The AMMRC information was generated from as cast, annealed and air
quenched tempered test pieces, while the 1industrial data came from specimens
subjected to all three of these heat treatments plus a fourth one, {.e., oil
quench and tempered. Table 8 lists the important characteristics of both
data sets derived from only the three, common denominator, process histories
and offers the best means of assessing the comparative statistical signifi-
cance differences of the two sets of results. For example, although about
100 percent of all the refined models generated from both data banks describing
all four mechanical properties were significant at the 0.001 confidenc: level,
or less, the correlation coefficient (R) and F-Ratio ranges were much greater
for the AMMRC results, contrastecd to the Lynchburg output. Thus, the AMMRC
data is statistically better than the industrial, production information but
the latter output is still very desirable for future desigi purposes, in
fact, it is far better than originally anticipated.

Furthermore, Table 8 siows that the ratios of the data range to mean
values for all but two of the twelve common models covered are almost a faction
of two greater for the Lynchburg equations, compared to the AMMRC results.

In addition, the elemental variables that appeared at least once in both
data sets include carbon, silicon, manga-~se, sulfur, magnesium, tin and
titanium.

IV.G.2. METALLURGICAL SIGNIFICANCE

Examination of all the AMMRC and Lynchburg data banks shows that a total
of nine, independent, eilemental variables were common to both populations and
included carbon, magnanese, silicon, phosphorous, sulfur, magnesium, cerium,
tin and titanium.

Table 9 summarizes the comparative difierences between the AMMRC and
the Lynchburg resul*s' metallurgical significance, i.e., their fractionm
agreement with theory. For example, the totals column shows that while
the industrial tensile strength test results are better than the Army's, i.e.,
16 out of 30 (53.3%) to 9 out of 17 (52.9%), both Brinell Hardness data sets
have equal, as well as the highest metallurgical agreement, i.e., 16 out of
27 (59.3%). 1In addition, the AMMRC totals for both the yield strength and
percent elongation models are in better agreement with metallurgical theory
than the industrial tatulations. In fact, the AMMRC percent elongation
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equations were the best of
21 out of 26, or 80.8 percent agreement.

in both cases that the Army

TABIE 9: COMPARISON BETWEEN THE COMMON, REFINED,

all for these three tre

Comparis
delinreated in Table 9 angd the major variable agree
data is superior in te
significance to the Lynchburg results, i.e., 57 oy
110 (48.2%), and 36 out of $5 (65.5%) to 30 out of

atments as shown by the

on of the overall totals

ment ratios indicates

ms of metallurgical

t of 92 (61.92) to 53 out of
71 (42.2%), respectively,

AMMRC AND LYNCHBURG ME CAL
PROPERTY, MATHEMATICAL MODELS! METALLURGICAL SIGNIFICANCE
COMMON TRERMAL TREATMENT COWD [
MECH., AS CAST ANNEAIED ATR QUENCRET,]| TOTALS PFRCENT
PROP, (80-55-06) | (60-40-18) (100-70-03) AGHEEMENT
AMMRC | LYNCH, | AMMRC | IYNCH, | AMMEC | LYNCH, | AMMRC | LYNCH, | AMVRC " LINCH, |
T.S. 2/h | &/9 5/9 {510 |2/ | sm 9/17 | 16/30 | 52,99 53,3%
; e 3/6 | sho| 6A0| 3/ 2/6 L9 | 11/22 | 12/08 50.0% | 48,0%
25 |56 | 3 |om]| o e WAz | 21/26 | 9/28 | 80,52 | 32,29
BHN 3/5 | s5/8 N3] 1/ 6/9 | b/10 |16/27 16/27 | 59.3% | 59.3%
-’r_mL 13/21 19/36 | 28/3 17/32 | 16/28 |17/i2 57/92 | 53/110] 61.9¢ L48,2¢
% AGR. | 61,9%| 52,8¢ 65428 [ 53.1% | 57.2% LCe5% | 61.9% L8.2g
MaJoR |
VAR.A. | B8/11|15/2 | /20| 3516 W/2h [12/31 | 36/55 | 30/72 65¢5% | 42.2%
RATIO ]
zrmal'iz.?% 62.5% | 70.0% | 18.8% [58,3% 38.7% | 65.5% | 42,24 2<
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V. UTILIZATION OF THESE MATHEMATICAL MODELS FOR CASTING DESIGN

The refined mechanical property, mathematical models derived during
this investigation, coupled with the "best-selection' fragmentation property

equations produced in a previous AMMRC ptoject,(z) have sufficient statistical

and metallurgical significance to be used in designing and producing improved
ductile cast iron alloys.

Both the mechanical and fragmentation p-operties must be adjusted accord-
ingly, using only the refined expressions, to produce ductile cast iron alloys
which should exhibit predictable strength, ductility and fragmentation levels.

Boundary conditions had to be established, however, to maintain some
degree of control, and they were as follows: :

1. The independent variables and thermal treatments had to be the
same as those used in generating the refined models;

2. Extrapolation may be permitted to a small degree beyond the range
of the original data base if metallurgical theory predicts no
certain pitfails; and

3. Only the more significant independent variabies could be varied
within the equations, i.e., only those whose a values are 0.200
or less. '

As stated previously, only mechanical property aspects will be discussed
in the report.

VI. INITIAL ALLOY DESIGN AND TEST RESULTS
VI. A. INTRODUCTION

After joint discussions with the AMMRC and Lynchburg technical staffs,
two objectives were agreed to as realistic and attainable, i.e., the manu-
facture of ductile cast iron one-inch modified keel block test speciments,
AMMRC test coupons and 2.75" x 21"rocket shells possessing:

1. Marimum strength with maximum ductility; and
2. Optimum fragmentation characteristics,

using four specific thermal treatments, i.e., as cast, annealed, air quench
and tempered, and oil quench and tempered.

A review of the chemical analyses from a total of three-hundred and two
(302) complete data sets derived from all four, specific thermal treatments,
i.e., as cast (143), annealed (118), air quenched and tempered (19) and oil
quenched and tempered (22) showed that the high, low and mean values of the
fourteen independent, elemental variables have the magnitudes listed in
Table 10.
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Table 10: HIGH, LOW AND MEAN VALUES OF THE INDEPENDFNT, ELEMENTAL

VARIABLES FROM ALL POUR THERMAL TREATMENTS

FLEMERT HIGH | LOW MEAN__]]ELEMENT HIGH Low MEAN
(11.C.) 4£.08 | 3.54 3.84 (Z Cu) 0.40 0.06 0.20
(% si) 2.87 |2.03 2.50 (% Cr) 0.15 0.05 0.09
(% N1) 1.01 |0.06 0.28 (X Mg) 0.072{ 0.022| 0.045
(% Mn) 0.61 Jo0.21 0.37 (% Mo) 0.44 0.01 0.05
(% P) 0.150 ] 0.020 { 0.070 |§ (X Sn) 0.0801 0.002] 0.017
(2 ) 0.027 § 0.004 | 0.012 {| (% T1) 0.054 1 0.019 ] 0.027
(Z A1) 0.047 | 0.012 | 0.036 }I (% Ce) 0.015] 0.005| 0.011

The initial test casting were then manufactured at Lynchbarg in accordance
with the following specifications:

1. SERIES I -~ This group of specimens should contain maximum % Mg
and 7 Si, minimum 7 Ni{, and mean levels of the remaining
eleven, elemental varjables. Thus, aiming for 0.070 7 Mg,
2.80 % 81, 0.06 % Ni{, etc., should have yielded maximum
strength witk maximum ductility for all four heat
treated conditions; and
2. SERIES II - This group of specimens should contain maximum % Ti and
Z Sn, minimum % Mg, % Si, ¥ P and ¥ S, and mean levels
of the remaining eight elemental variables. Thus aiming
for 0.050 27 T, 0.G50 % Sn, 0.022 % Mg, 2.10 % Si,
0.020 Z P and 0.004 %2 S, etc., should have yielded
optimum fragmentation characteristics for all four
heat treated conditions.

VI. B. AMMRC TEST CO.PON

The Lynchburg Foundry Company tested their ability to produce the AMMRC
test coupon and achieved immedfate success. Figure 1 shows the as cast double
test coupons, along with their attached ingates, down sprue and pour cup.

Figure 2 illustrates the sectioned coupons, plus their risers, and they came
out to be very sound and clearn.

A total of twelve (12), 0.394 inch square, Charpy blanks; five (5), 0.357
inch tensile blanks; three (3) fragmentation test cylinders; and several test
pleces for microscopic examination, were all machined out of the AMMRC double
test coupons. Subsequent teasting of as cast, 0.357 inch diameter test bars
from these coupons produced average mechanical properties of 86,250 psi tensile
strength, 61,500 psi yeild strength, 12.5 per cent elongation and a Brinell
hardness number of 207, i.e., well within the range levels of the 0,505 inch
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FIGURE 1 : THE AS CAST, AMMRC DOUBLE TEST COUPON
CASTINGS WLTH ATTACEED IN-GATES, DOWN
SPRUE AND POUR CUP

FIGURE Z s THE TWO, AS CAST, AMMRC DOUBLE TEST
COUPON3S, SECTIONED FOR MACROSGOPIC EXAM-
IFATION
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as cast, test bar data used during the mathematical model phase of this
investigation. {

VI. C. TEST RESULTS

The average of two chemical tests for the SERIES I and II samples are
listed in Tabie 11 The results achieved met the desired goals outlined

in Section VI. A., so thermal treatment of the one inch keel blocks test,
bars then commenced.

Four sets of 0.505 tensile test bars from both SERIES I and II were
mechanically tested to determine thelr tensile strength, yield strength,
per cent elongation and Brinell hardness number. In addition, the chemical 5
analyses results listed in Table 11 were plugged into the sixteen (16),
refined, mechanical property equations listed in Mathematical Model Sets
II, IV, VI and VII1, to compute the predicted property magnitudes. Both
these actual and predicted, mechanical property magnitudes are listed in
Tables 12, along with the number of standard errors of estimate the actual
test results are from the magnitudes predicted by the computer generated,
mathematical models.

3
1
i
i
1

i

Examination of Table 12 shows that the SERIES I equationg were far
superior to the SERIES II models in predicting the magnitudes of the test
castings' mechanical properties. In fact, in ten out of the sixteen (62.5%)
SERIES I equations the actual property magnitudes were less than to two s*andard
errors of estimate away from the predizted values, compared to only five
out of the sixteen (31.25%) SERIES II models.

Why did this difference occcur?

As previcusly mentioned, the prime objective of the SERIES I tests was to
design and manufacture test casting possessing maximum strength with maximum
ductility and that goal was accomplished because the compositions were well
within the data bank's magnitude range for almost all the independent variables.
The SERIES II tests, however, deait with thz analysis of AMMRC data translated
to an industrial, production enviromment to achieve optimum fragmentation
results and not to optimize mechanical property attainment. In addition,

some of the SERIES Il compnsttions were at the extremities of the data bank's
magnitude range, and even beyond it in several variable., thus explaining

some of the poor predicticns within this group of results.

Table 13 lists the Charpy impact resutis and some supplemental Brinell hardness
data derived from two SERIES I and three SERIES II, machineable test bar sets.

VI, D, UTILIZATION OF INITIAL TEST RESULTS

These initial test results, from the mechanical property point of view,
were quite satisfactory and acted as the starting point of the refined test
: run., Some modifications had to be made to reduce the number of poor pre-
dictions of mechanical property magnitudes, especlally in the case of the
SERIES II anzlyvses. )
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TABIE 11: MEAN CHEMICAL AWALYSES OF THE INITIAL SERIFS I AND II

TEST BARS
MEAN CHEMICAL COMPOSITION
SERIES
FT.Cy S SL|E M|EMn| P [ %S | 4 AL[% Cul% Cr|% Mg {€ Moj% Sn [ Ti| % Ce
I | 3.5 2.80.085|.32¢] .120| .0L1| .050] .130|.080].0335| .100| 0055 uC27| .00 |

II | 3493] 2.10{41k0].310} .110| ,006] +C30f +140{,080},0235 050 »0154 .OhOl «030

TABIE 12: MECRANICAL PROPERTY MAGNITUDES ATTAINED BY THE INITIAL
SERIES I AND II TEST BARS AND THEIR COMPARISON WITH THE VALUES
PREDICTED BY THE BEST SEIECTION EQUATIONS

SERIES]| TENSIIE STRENGTH(psi)| YIEID STRENGTH(psi) PERCENT ELONGATION BRINELL HARD. NO.}
& COND

FREDI ACTUAL|# S.E..| PREDICT AM'UH;’# ‘B+E, | .PREDICT| ACTUAL{ #8 .E . {.PREDICT' ICTUAIA#S.{

ol o

F o

9,319 82,000| 1.70 | 6;k65| 59,025] 133 | 9.22 [11.00 [.993 | 20,2 [179.5 |18
1
. | 66,6uBl 68,7501 1.u8 | 51,L09] 52,000] «357| 23,16 | 22400 | k73 | 179.Ls [16LeC 2.8;

s@r [132,207] 5,250| has2 | 99,082| 68,250] 5.57 | 264 | 9.50 {27 | 231.6 [201.0 [1.7]
| | Zan [136,k97]122,500| 1.09 12,,129105,000| 2.7 | 2.3k | La00 2,37 | 220,k [2324C 96

e e — !
IT - |

ac. | 76,031 99,500] 3.23 | 39,547] 65,250| 6.k1 | 6,67 | 3.75 |1.63 | 223.9 [213.0 |.60

i

L

X .1

ANN, | 58,788] 67,000| 5,77 | L3,249| L8,000{ 2.87 | 17.35 |11.50 |2.39 | 169.9 [16k.0 1.0

| agr [200,673]106,250 | 10.73 | 89,888] 72,000| 3.23 | 7.40 | L.oo |2.33 | 133.7 |227.0 [5.2

|

TABIE 13: CHARPY IMPACT DATA FROM SEVERAL SERIES I AND 1I, INITIAL :
TEST BARS PLUS SUPPLEMENTAL BRINELL, HARDNESS NOS, ,

SERIES |BHN|AVG. C.I. |AVG, C.I. SERIES [BHN |AVG, C.I. | AVG, C.I,
& COND @ R.T. @ -ho°F & CONp @ R.T. @ -40
I-AC [196] 2.65 1.95 II-AC [269 | 2.05 1.6
I-ANN {166] L.b 2.3 II-ANN 196 ] 2.35 1.65

| 1-AQuT| TOO DIFFICULT TO MACHINE. II-AQAT |286 | 2.} 2,15
I-0Q4T| TOO DIFFICULT TO MACHINE. IT-0G&T | T00 DIFFICULT TO MACHINE.
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VII. FINAL ALLOY DESIGN AND TEST RESULTS

VII., A. INTRODUCTION

After additional discussions with the AMMRC and Lynchburg technical staffs,
the final test castings were then manufactured in accordance with the following
specifications: ‘

1, Series T - This group of specimens should contain maximum % Mg and
2 Si, Minimum % C, and mean levels of the remaining eleven
elemental variables- and

2. Series II - This aroup of specimeﬁs should aim at the mean analysia
listed in Table 10 on Page 27,

The first set of final test castings were lost during the floods generated
by hurricane AGNES and had to be reproduced during the last quarter of 1972,

VII, B. TEST RESULTS

Eight sets of test castings were manufactured, i.e., one for each of the
four thermal treatments within both Series I and II. Fach of these sets contained:

1. Six (6), 2.75" x 21" rocket shells;

2. Two (2), AMMRC double test coupons;

3. Two (2), one inch, modified keel block test specimens- and

4, Two (2}, spectogranhic test pileces,

The forty-eight (43), 2.75" x 21", ductile cast iron rocket shells were sent ;
to MEDICO INDUSTRIES in Wilkes Barre, Pennsylvania, in the heat treated conditions, 1
for finish machining and processing. Upon completion of these tasks, these shelle 3

were forwarded to AMMRC for storage and future testing.

The average of two chemical tests for the final SERIES I and Il samples are
listed in Table 14, and the results achieved met the goals outlined in Section VII, A,
The AMMRC double test coupons were then heat treated and machined for final testing,

Four sets of 0,357" tensile test bars from both SERIES I and II, AMMRC coupons
were machined and tested to determine their temsile strengt., yield strength, per
cent elongation and Brinell hardness number. The chemical aialyses listed in Table 14
were then plugged into the sixteen (16), best-selection, mechanical property equa-
tions listed in Mathematical Model Sets II, IV, VI and VIII, to compute the predicted
strength and ductility properties magnitudes., Both these actual and predicted,
mechanical property magnitudes are listed in Table 15, along with the number of
standard errors of estimate deviation between these two numbers.

Examination of Table 15 indicates the degree of success in attaining the design
objectives in both the SERIES I and II test castings was outstanding. For example,
for ten out of the sixteen (6Z.5 %) SERIES I equations, the actuzl mechanical property
magnitudes were less than one standard error of estimate away from the predicted
values, five out of the sixteen (31.25%) were between one and two standard errcrs of
eqtimate away, and the last one out of the sixteen (6.254) was within 2.09 S.E.E.'s.
In addition, for seven out of the sixteen (43.75Z) SERIES II models, the actual
mechanical property magnitudes were less than one S.E.E, away from the predicted
values, seven out of the sixteen (43.75%) were between one and two S.E.E,'s away,
and two out of the sixteen (12,5%) were within two and three S.E.E.'s.

How do these final results compare to the initial test data reported in
Section VI?
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TABIE 1li: MEAN CHEMICAL ANALYSES OF THE FINAL SERIES I AND II TEST BARS

SERTES MEAN CHEMICAL COMPOSITION J
FT.C A SLIENLIE Mn 2P [$S | 2ALI%E Cul® Crif Mgi% Moi¥ Snj% T1 | % Ce
I 3066 2075 O?Oo 0380 008,-} 0015 .0h2 .160 0110 0068 0060 0020 0027 0010
II | 3.86 |259{ 140,360 |.CB5 | 4OLL{.0L3 ]|.1701,090],057}.070]+020|,027 | ,O1O

TARIE 15: MECHANICAL PROPERTY MAGNITUDES ATTAINED BY THF FINAL SERIES I
AND II TEST BARS AND THEIR COMPARISON /IT!I THE VALUES PREDICTED
BY THE BEST SELECTION EQUATIONS

e

N PU—

SERIES| TENSIIE STRENGTH(psi)| YIELD STRENGTH(pel) | PETICENT LIONGATION | BRINELL HARD MO,
oM PREDICT| ACTUAL|# S.E.| PREDICT| ACTUAL|# S.E.| PREDLCT| ACTUAL| #S .E.| PREOICT| ACTUAL .f/s.e!i
I-AC |110,265| 99,500| 1.48 | 65,819] 63,000] ,703] 10,5 | 6.5 [1.12 | 216.) 223 .ua%
I-ANN | 68,322} 69,250] .653| "50,988] 53,2501 1437 | 25.3 |22,0 [1.36} 18,5 | 170 [2,09
TI-AQ&T 102,530 {106,500 151 73,666 75,000 «2L1] 6e3 | 5.0 | 791 | 2504 | 262 .653§
I-0G&T{119,813|123,500{ .288{ 113,184]105,750| .8L2! 2. | 3.5 |1.60| 283.5 | 286 -.213
1I-AC 1107,081[100,000| «976] 6L,L08| 63,500f 42271 9.8 | 8.5 |.751 | 216,9 | 228 .817!
II-ANN | 65,906| 66,750] .200] 19,088 53,250] 2,57 22.7 |19.0 h.515| 180.8 | 179 |.23¢
|| 11-AQ&T{133,1561121,000f 1,38 | 73,981 81,250] 1,32 | 7.k | 3.5 [2.18 | 239.0] 269 |1.69
1I-0Q4T|132,362{121,250] .862] 118,626{106,500] 1.38 | 2,3 | 3.5 (.72 | 257.5| 277 l'ff
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" The SERIES 1 data shows that 93.75 per cent of the actual,

final mechanical

property results, i.e., 15 out of the 16, were within less than two S.E.E.'
of their predicted values, compared to only 62.5 per cent, i.e., ten out of sixteen,

of the initial test data.

Furthermore, the -SERIES II data shows that 37.5 per
cent of the actual, final test results, i.e., 14 out of the 16 within less

than

twe S.E.E.'s of their predicted values, compared to only 31. 25 per cent, i.e., five
out of sixteen, of the initial test data.

Table 16 lists the Charpy impact results and some supplemental Brinell hardness
data from three out of the four, SERIES I and II, machineable test bar sets.

Thus, the final alloy designs for SERIES I and II achieved the objective of
phase one of this investigation, i.e., the industrial production of ductile cast
iron products possessing predictable meciianical property magnitudes.

TABIE 16t CHARPY IMPACT DATA FROM SEVERAL SSRIES I AND II, FINAL
SUPPIEMENTAL BRINELL HARDNESS NOS.

TEST BARS PIUS

SERIES AVG, C.I.| AVG. C.I, SERIES AVG. C.I.| AVG, C.I.
& COND | BHN | @& R,T. @ =LOoF & COND {BHN| @ R.T. @ =L0F
I-AC | 228 1.7 1.0 II-Aac  |2ln 1.75 1.05
I-ANN | 179 2.5 1.15 II-ANN |17h 37 1.k
I-AQRT | 269 2,75 1.3 II-hQYT 255 3.4 1.55
J-0QXT | TOO DIFFICULT TO MACHINE. 1I-0Q&T| TOO DIFFICULT TO MACHINE.




VIII. Conclusions

In aesociation with AMMRC and the Lynchburg Foundry Company, this investigation
attempted to design, produce and evaluate improved ductile cast iron alloys within
an industrial plant enviromment using computer derived; mathematical models, A
total of three-hundred and two (302) ccmplete data sets derived from four, specific !
thermal treatments, i.e., as cast (143),annealed (118), air queached and tempered
(19) and oil queched and tecmpered (22), were thoroughly analyzed and resulted in ;
the generation of thirty-two multiple regression, mechanical property, mathematical !
models which described variations in tensile strength, yield strength, per cent
elongation and Brinell hardness number. The sixteen (16) refined equations were
possessing predictable properties. Overall, 74 out of a tntal of 140 major,
independent variables contained in these 16 best-selection modals, or 52.8 per
cent, are in agreement with metallurgical theory. The initial design test recults
produced cast test bars whose actual mechanical property ragnisuders were less
than two standard erros of estimate away from predicted values in only fifteen out
of the 32 specimens, i.e., 46.9 per cent. The final design test data, derived
from specimene machined from the AMMRC coupons, significantly improved this !
achievement in that 29 out of the 32 pieces, i.e., 90.6 per cent, were actually '
within two S.E.E.'s of the predicted values. Thus, the final alloy designs for ;
phase one of this investigation achieved its objective of producing ductile cast
iron products possessing predictable mechanical property magnitudes within an
irdustrial facility.

IX. RECOMMENDATIONS

Since the implemented scientific development program achieved the objective i
: of producing ductile cast iron products possessing predictable property levels |
E within an industrial foundry, it is recommended that the same analytical tools
' and techniques be applied to other ferrous shell alloy systems.
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